1.. Introduction
================

Acute lung injury (ALI) and associated acute respiratory distress syndrome (ARDS) are characterized by excessive pulmonary inflammation and oxidative stress, and caused by various internal and external factors that interfere with lung function ([@b1-etm-0-0-4353]). Gram-negative bacterial infections are considered to be the primary cause of ALI ([@b2-etm-0-0-4353]). The principal active ingredient of bacterial endotoxin is lipopolysaccharide (LPS), which directly activates pulmonary inflammatory cells by interacting with cell-surface receptors, leading to high-level secretion of inflammatory mediators and prompting an inflammatory cascade that results in diffuse lung tissue damage ([@b3-etm-0-0-4353],[@b4-etm-0-0-4353]). In addition, during pathological conditions including ischemia and inflammatory ALI, large quantities of free radicals are generated that cause high levels of intracellular oxidative damage ([@b5-etm-0-0-4353]).

Previous studies investigating ALI-mediated cell death have principally focused on various aspects of apoptosis ([@b4-etm-0-0-4353],[@b6-etm-0-0-4353]). However, as autophagy serves as a trigger for apoptosis and necrosis ([@b7-etm-0-0-4353]), it is also considered to be relevant in the pathogenesis of many pulmonary diseases, including ALI. Thus, autophagy-blocking agents that prevent cell death may be developed to treat ALI ([@b8-etm-0-0-4353]).

Currently, there is a lack of effective therapeutics to treat ALI. Pretreatment with saturated hydrogen saline may have a protective effect against LPS-induced ALI ([@b9-etm-0-0-4353]); however, it remains unknown whether saturated hydrogen saline has therapeutic effects on LPS-induced autophagy in lung tissue. Signaling pathways involving nuclear factor (NF)-κB, Beclin-1, mechanistic target of rapamycin (mTOR), heme oxygenase-1 (HO-1) and p38 mitogen-activated protein kinase (MAPK) have been implicated in the process of autophagy, and thus may be involved in the protective effects of saturated hydrogen saline on LPS-induced ALI. Therefore, the aim of the current review was to evaluate the potential alleviative effects of saturated hydrogen saline in LPS-induced ALI, particularly regarding cell autophagy, as well as its corresponding mechanisms of action. Understanding the role of saturated hydrogen saline in LPS-induced ALI may determine the therapeutic effects of saturated hydrogen saline in the treatment of ALI/ARDS.

2.. Autophagy
=============

Autophagy, derived from the ancient Greek word for 'self-devouring', is a tightly regulated and evolutionary conserved catabolic process, whereby damaged proteins and organelles are degraded within intracellular lysosomes ([@b10-etm-0-0-4353]). Autophagy may be categorized into three basic subtypes: Microautophagy, chaperone-mediated autophagy (CMA) and macroautophagy ([@b11-etm-0-0-4353]). Microautophagy is a nonselective process that generally involves sequestration of cytosolic proteins within invaginations of the lysosomal membrane ([@b12-etm-0-0-4353]). In CMA, proteins are selectively delivered to the lysosomes following recognition of an internal consensus sequence by a molecular chaperone, such as heat-shock cognate-70 ([@b13-etm-0-0-4353]). Macroautophagy, which will subsequently be referred to as 'autophagy', commences with the formation of a double-membrane vacuole known as an autophagosome. This acts to enclose bulk proteins and organelles within the cytosol before delivering them for lysosomal degradation, resulting in the release and recycling of amino acids and lipids ([@b14-etm-0-0-4353]).

All types of autophagic process consist of four main steps: i) Initiation, ii) autophagosome elongation, iii) autophagosome closure and iv) lysosomal fusion. Initiation of autophagy involves the formation of a phagophore that originates from various intracellular membrane sources. This is followed by elongation and closure of the phagopore, forming a complete autophagosome. Subsequent fusion of lysosomes with autophagosomes forms autolysosomes, in which substrates of autophagy are exposed to the hydrolytic interior of the lysosome, ultimately resulting in substrate degradation ([@b9-etm-0-0-4353]).

Under normal physiological conditions, low levels of autophagy occur within cells ([@b9-etm-0-0-4353]). However, in the absence of nutrients in the environment (resulting in starvation), the rate of autophagy increases, with greater degradation of macromolecules providing the minimum energy required to maintain cell survival. Certain toxins and pathogens are also degraded by autophagy, along with degenerative cytoplasmic components ([@b4-etm-0-0-4353],[@b9-etm-0-0-4353]). Thus, autophagy serves a key preventative role during the early stages of many infectious diseases; however its overactivation may result in excessive degradation of intracellular substances and cell death ([@b15-etm-0-0-4353]).

3.. Autophagy and the inflammatory response
===========================================

Stimulation of autophagy in response to nutrient deprivation ensures that minimal housekeeping functions and nutrient recycling are maintained within cells. However, autophagy-related stress, caused by dysfunction or overactivation of autophagy, typically results in intracellular degradation that exceeds the reserve capacity of cells and is associated with cell-death ([@b4-etm-0-0-4353],[@b9-etm-0-0-4353]). Excessive stimulation of autophagy is associated with pathologies that involve an altered inflammatory response, which in turn contribute to the development of various conditions, including pulmonary infections and diseases ([@b16-etm-0-0-4353]). In addition, autophagy itself may promote an inflammatory response ([@b17-etm-0-0-4353]) due to its roles in the degradation of factors associated with inflammation, namely long-lived proteins, protein aggregates and invading microbes.

The effects of autophagy on inflammatory signaling are associated with its regulation of inflammasome-dependent responses. Autophagy regulates these responses by controlling the levels of pro-inflammatory cytokine secretion for factors, including interleukin-1β (IL)-1β and IL-18. This regulation of inflammasome activity by the autophagic response is depicted in [Fig. 1](#f1-etm-0-0-4353){ref-type="fig"}.

4.. Autophagy and LPS-induced ALI
=================================

Autophagy is triggered in response to various stress stimuli, including nutrient and energy stresses, endoplasmic reticulum stress, hormone stimulation, hypoxia, redox stress and mitochondrial and DNA damage ([@b18-etm-0-0-4353]). Although autophagy is considered to be a key protective mechanism against stress stimuli and serves an important role in many physiological processes, excessive autophagy is associated with cell death ([@b19-etm-0-0-4353]).

It has been demonstrated that treatment with LPS may trigger autophagy, and that the molecular pathogenesis of ALI is associated with LPS-induced autophagic cell death ([@b20-etm-0-0-4353]). Additionally, increased levels of autophagosomes and microtubule-associated protein 1A/1B-light chain 3 (LC3) expression have been observed in lung cells following LPS treatment, along with the increased expression of other autophagy-related proteins associated with the formation and maturation of autophagosomes and autolysosomes, namely autophagy-related protein (Atg) 4, Atg 7 and the Atg5-Atg12-Atg16 complex. Furthermore, it has been demonstrated that genetic depletion of the primary autophagy mediators LC3 and Beclin-1 suppresses LPS-induced lung cell death, suggesting that autophagic cell death may be the basic mechanism underlying the molecular pathogenesis of LPS-induced ALI ([@b9-etm-0-0-4353],[@b21-etm-0-0-4353]).

5.. Saturated hydrogen saline
=============================

Hydrogen is the lightest and most abundant chemical element, and molecular hydrogen is an odorless, colorless, tasteless, nonmetallic and highly flammable diatomic gas ([@b9-etm-0-0-4353]). Hydrogen is considered to be a novel anti-oxidant that may be capable of quenching free radicals. Studies performed *in vitro* and *in vivo* have indicated that hydrogen may be effective at treating brain ([@b22-etm-0-0-4353]), liver ([@b5-etm-0-0-4353]), heart ([@b23-etm-0-0-4353]) and intestinal ([@b24-etm-0-0-4353]) ischemia reperfusion injuries. The efficacy of hydrogen as an anti-inflammatory therapy has also been demonstrated in the treatment of acute pancreatitis ([@b25-etm-0-0-4353]), enteritis ([@b26-etm-0-0-4353]) and hepatitis ([@b3-etm-0-0-4353]). The radical-quenching properties of hydrogen are due to its ability to spread rapidly and form water upon contact with hydroxyl radicals. Physiologically, inhalation of low concentrations of hydrogen is considered to be relatively safe, though in clinical practice, the use of hydrogen is limited to antimicrobial therapies ([@b27-etm-0-0-4353]). Previous studies have demonstrated that saturated hydrogen saline (saline saturated in H~2~), is a safe and easily administrated compound, has antioxidant, anti-inflammatory and anti-apoptotic effects, and provides protection against numerous diseases, including sepsis, stroke, atherosclerosis, multiple organ dysfunction syndrome and nigrostriatal degeneration ([@b22-etm-0-0-4353],[@b23-etm-0-0-4353]). It has been determined that saturated hydrogen saline selectively removes cellular hydroxyl radicals and exerts antioxidant effects, thus protecting cells and tissues from oxidative damage ([@b28-etm-0-0-4353]). In addition, Xu and Zhang ([@b4-etm-0-0-4353]) demonstrated that saturated hydrogen saline reduced liver dysfunction induced by LPS, while Gu *et al* ([@b29-etm-0-0-4353]) documented that saturated hydrogen saline may alleviate LPS-induced acute kidney injury. These data suggest that saturated hydrogen saline may have similar protective effects in LPS-induced ALI.

6.. Saturated hydrogen saline and LPS-induced ALI
=================================================

Saturated hydrogen saline significantly prolongs the median survival time and prevents pulmonary tissue damage in rats following LPS treatment. Specifically, it has been demonstrated that LPS stimulation led to alveolar wall thickening, edema and hemorrhage, reduced alveolar space, substantial inflammatory cell infiltration and the presence of autophagosomes in type II alveolaries. All of these histopathological changes were attenuated by treatment with hydrogen saline ([@b30-etm-0-0-4353]). Primary characteristics associated with LPS-induced ALI are excessive pulmonary inflammation and increased vascular permeability, and in some cases, pulmonary edema. This results in elevated levels of total protein within the bronchoalveolar lavage fluid (BALF) ([@b21-etm-0-0-4353]). It has been documented that saturated hydrogen saline may reverse increases in lung wet/dry ratio and total protein concentration in the BALF following LPS stimulation, suggesting that saturated hydrogen saline may alleviate LPS-induced pulmonary edema ([@b21-etm-0-0-4353]).

7.. Effects of saturated hydrogen saline on autophagy during LPS-induced ALI
============================================================================

It has been demonstrated that the secretion of pulmonary inflammatory cytokines, namely tumor necrosis factor (TNF)-α, IL-1 and IL-6, increases following LPS treatment, reflecting the high-level secretion of inflammatory factors that occurs during ALI ([@b9-etm-0-0-4353]). However, levels of cytokine secretion decreased markedly following treatment with saturated hydrogen saline, indicating that saturated hydrogen saline may inhibit an LPS-induced inflammatory response. Interestingly, physical signs of autophagy were more pronounced following LPS treatment and predominantly observed in the cytoplasm of type II alveolar epithelial cells ([@b31-etm-0-0-4353]). In addition, the expression of autophagy-related proteins, including LC3, Atg4, Atg7, the Atg5-Atg12-Atg16 complex and Beclin-1, increased in lung tissue following LPS treatment, suggesting that the entire process of autophagy was activated following LPS-induced inflammation ([@b9-etm-0-0-4353]). As saturated hydrogen saline reduces the expression of autophagy-related proteins and the number of autophagosomes within type II alveolaries ([@b9-etm-0-0-4353]), it may function as a protective agent against LPS-induced ALI by reducing excessive autophagy. Hydrogen saline is considered to alleviate autophagy by five potential mechanisms, as discussed in sections 7.1 to 7.5.

### NF-κB and Beclin-1

Among the core Atg proteins, Beclin-1, as the orthologue of Atg6, contains a coiled-coil motif that binds to the Class III phosphatidylinositol-3-kinase vacuolar protein sorting (Vps) −34, which stimulates the generation of the key autophagosome component phosphatidylinositol-3-phosphate, leading to autophagosome formation ([@b32-etm-0-0-4353]). Three distinct Beclin-1-Vps34 complexes have been identified that include Beclin-1, Vps34 and Vps15 as common components: One containing Beclin-1, Vps34, Vps15 and Atg14L; one containing Beclin-1, Vps34, Vps15 and ultraviolet irradiation resistance-associated gene (UVRAG); and one containing Beclin-1, Vps34, Vps15, UVRAG and Rubicon ([@b33-etm-0-0-4353]). Notably, the complex containing Atg14 L functions in autophagosome formation while others function in autophagosome and endosome maturation ([@b33-etm-0-0-4353]). Thus, Beclin-1 first acts as a platform in combination with other proteins to recruit activators and inhibitors of autophagy, and subsequently acts as a regulator of autophagosome formation.

It has been demonstrated that NF-κB is an important checkpoint required for the activation of autophagy. Copetti *et al* ([@b34-etm-0-0-4353]) determined that the NF-κB family member p65 (also known as v-rel reticuloendotheliosis viral Oncogene homolog A) upregulated the expression of Beclin-1 at the mRNA and protein in different cellular systems. Furthermore, decreases in Beclin-1 transcription were observed following the inhibition of the p65 signaling pathway.

As NF-κB and Beclin-1 serve critical roles in the activation and progression of cell autophagy ([@b35-etm-0-0-4353],[@b36-etm-0-0-4353]), both molecules may be involved in saturated hydrogen saline-mediated lung protection. Indeed, elevated nuclear expression of NF-κB and cyto plasmic expression of Beclin-1 has been observed in lung tissues following LPS treatment, while saturated hydrogen saline treatment decreased the expression of NF-κB ([@b37-etm-0-0-4353]) and Beclin-1, thus inhibiting autophagy ([@b38-etm-0-0-4353]). Results from western blot analysis confirmed these findings ([@b21-etm-0-0-4353]). The potential involvement of NF-κB and Beclin-1 in saturated hydrogen saline-mediated lung protection is presented in [Fig. 2](#f2-etm-0-0-4353){ref-type="fig"}.

### Mammalian target of rapamycin

Different signaling mechanisms are involved in modulating autophagy within mammalian cells ([@b39-etm-0-0-4353]). The best-characterized pathways are those that modulate autophagy in response to nutritional changes and the evolutionarily conserved serine-threonine kinase mTOR, which serves as a sensor of environmental and cellular nutrition, as well as cellular energy status. In higher eukaryotes, mTOR is found in at least two distinct multiprotein complexes, referred to as mTOR complex (mTORC) 1 and mTORC 2 ([@b40-etm-0-0-4353],[@b41-etm-0-0-4353]). mTORC1 is associated with an additional complex of proteins consisting of unc-51-like autophagy activating kinase 1 (ULK1; a mammalian analog of the yeast master regulator of autophagy) Atg1 (the mammalian analog of Atg13) and the scaffold protein focal adhesion kinase-family interacting protein of 200 kDa (FIP200) ([@b42-etm-0-0-4353]). mTOR serves a key regulatory role in the regulation of autophagy and inhibits autophagy by phosphorylating ULK1 and Atg13 ([@b43-etm-0-0-4353],[@b44-etm-0-0-4353]). However, during cell starvation, mTORC1 dissociates from the Atg13-FIP200-ULK1 complex, leading to dephosphorylation of ULK1 and Atg13, and activation of ULK1, which in turn phosphorylates Atg13 and FIP200 ([@b45-etm-0-0-4353]). These events activate autophagy, whereby a pre-autophagosomal membrane forms as an autophagosome precursor.

It has been demonstrated that small doses of reactive oxygen species (ROS) activate mTOR signaling, while high levels of ROS induced by LPS inhibit the mTOR signaling pathway ([@b21-etm-0-0-4353]). In addition, hypoxia results in the accumulation of free radicals that inhibit mTOR ([@b46-etm-0-0-4353]). Previous studies have documented that saturated hydrogen saline increases the expression of mTOR protein within skeletal muscle ([@b47-etm-0-0-4353],[@b48-etm-0-0-4353]). Experimental results have also indicated that saturated hydrogen saline may remove excess free radicals, decrease the concentration of free radicals in lung tissue, promote mTOR expression and prevent excessive autophagy ([Fig. 3](#f3-etm-0-0-4353){ref-type="fig"}) ([@b9-etm-0-0-4353],[@b21-etm-0-0-4353]).

### Toll-like receptors

Toll-like receptors (TLRs) are transmembrane pattern recognition receptors. As components of the innate immune system, they are key elements in the recognition of viral and bacterial factors ([@b49-etm-0-0-4353]). The association between autophagy, inflammation and the activation of TLR signaling pathways has recently been documented ([@b50-etm-0-0-4353]). Detection of microbes by TLRs stimulates autophagy and an inflammatory response. Furthermore, it has been observed that TLR4 specifically can be activated to initiate an immune response by antigen-presenting naive T cells following LPS sensitization ([@b51-etm-0-0-4353]).

In macrophages, LPS may induce autophagy through TLR4. This involves an adaptor complex comprised of TLR-domain-containing adapter-inducing interferon-β and receptor-interacting serine/threonine-protein kinase 1, and the p38 MAPK signaling pathway ([@b50-etm-0-0-4353]). These data suggest that TLR signaling pathways are potential mediators of LPS-induced autophagy. Thus, the ameliorative effects of saturated hydrogen saline on autophagy and inflammation may occur, at least partly, through TLR signaling pathways.

### HO-1 signaling

HO is involved in the degradation of heme, which produces iron, bilirubin and carbon monoxide. Three forms of HO, HO-1, HO-2 and HO-3, have been identified ([@b52-etm-0-0-4353]). HO-1, a major heat shock/stress response protein, is an endogenous cell-protective protein that assists in the prevention of oxidative stress, inflammation and excessive cell autophagy ([@b53-etm-0-0-4353],[@b54-etm-0-0-4353]). In addition, HO-1 modulates the release of inflammatory cytokines in LPS-stimulated macrophages, sepsis and intestinal inflammation ([@b55-etm-0-0-4353]).

It has been demonstrated that induction of HO-1 expression may reduce the sensitivity of animal models to lethal doses of LPS, thereby improving survival rates of animals treated with LPS ([@b52-etm-0-0-4353]). Furthermore, the HO-1/monoxide pathway serves a key role in protecting tissues against damage caused by LPS. HO-1 has been associated with both the cytoprotective and cytotoxic functions of autophagy induction. Inducible HO-1 overexpressing cells significantly inhibit ROS generation and delay the onset of autophagy ([@b52-etm-0-0-4353]). It has been demonstrated that HO-1 inhibits the cytotoxic effects of autophagy in lung epithelial cells in response to LPS, by downregulating autophagy-related signaling ([@b56-etm-0-0-4353]). Furthermore, studies have also indicated that saturated hydrogen saline may increase HO-1 expression ([@b52-etm-0-0-4353],[@b57-etm-0-0-4353]). The current review of experimental results indicates that saturated hydrogen saline ameliorates excessive activation of autophagy and ALI under high LPS conditions. The underlying mechanism regarding the protective effects of saturated hydrogen saline against LPS-induced lung damage may involve upregulation of HO-1 and subsequent inhibition of excessive autophagy.

### p38 MAPK signaling

MAPK cascades are involved in a variety of cellular processes. However, MAPK signaling may also be activated by oxidative stress and contribute to tissue damage, as observed in pneumocyte injury ([@b9-etm-0-0-4353]). MAPK pathways are mediated by ERK, JNK and p38 protein kinases ([@b58-etm-0-0-4353]), all of which are activated by pro-inflammatory cytokines including TNF-α and IL-6 ([@b59-etm-0-0-4353]). In a cell model of oxidative damage using human trophoblast-like cells, it was observed that treatment with saturated hydrogen saline efficiently regulated the activation of ERK, JNK and p38 ([@b60-etm-0-0-4353]), suggesting an involvement of MAPK cascades in saturated hydrogen saline-mediated lung protection. However, an association between MAPK signaling and oxidative stress or inflammatory responses has yet to be identified.

Studies conducted *in vitro* have indicated an involvement of p38 MAPK in the expression of multiple genes during conditions of stress, particularly in cytokine synthesis signal transduction during LPS-induced ALI ([@b9-etm-0-0-4353],[@b61-etm-0-0-4353]). The p38 MAPK pathway has also been associated with a variety of pathways involved in apoptosis, cell cycle arrest and autophagic death ([@b60-etm-0-0-4353]), suggesting that the p38 MAPK pathway may be involved in the effects of saturated hydrogen saline on autophagy during ALI. Experimental results have determined that the specific MAPK inhibitor SB203580 is able to inhibit the expression of p38 and thereby reduce autophagy in LPS-sensitized lung cells ([@b61-etm-0-0-4353]). Furthermore, levels of p38 and LC3 following LPS exposure were all significantly reduced following saturated hydrogen saline treatment, indicating that p38 may be involved in the mechanism by which saturated hydrogen saline prevents excessive autophagy in lung cells ([@b62-etm-0-0-4353]).

8.. Conclusion
==============

The pathophysiology of ALI/ARDS is complex and involves excessive levels of cell autophagy. In LPS-induced ALI, saturated hydrogen saline may reduce levels of inflammation not only by inhibiting apoptosis, but also by inhibiting excessive autophagy. In particular, saturated hydrogen saline may inhibit the expression of autophagy-related genes, thus reducing autophagy in injured lung cells and improving the survival rate of lung tissue. Saturated hydrogen saline may downregulate NF-κB and Beclin-1, and upregulate mTOR and LC3B, thus inhibiting excessive autophagy. Furthermore, saturated hydrogen saline may stimulate HO-1 signaling and inhibit p38 MAPK signaling. However, the specific mechanism of this remains unknown. Indeed, there may be an association between these different pathways, which warrants further investigation.

There is currently a lack of effective therapeutics available to treat ALI. Saturated hydrogen saline presents a novel therapeutic approach for the treatment of ALI, where it may aid in protecting against lung injury. However, the underlying mechanisms regarding the effects of saturated hydrogen saline are complex and further studies are required to elucidate its molecular involvement in the pathways associated with LPS-induced ALI.
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![Involvement of autophagy in the secretion of IL-1β and IL-18. ROS and ATP trigger the activation of the sensor molecule NLRP3. The activation of NLRP3 stimulates assembly of inflammasome complexes through the recruitment of the adaptor protein ASC and pro-caspase-1, leading to the cleavage of the caspase proform. Activated caspase-1 subsequently cleaves the pro-inflammatory cytokine precursors pro-IL-1β and pro-IL-18 into their biologically active forms (IL-1β and IL-18). Active IL-1β and IL-18 are transported into autophagic vesicles via GRASP proteins and secreted outside of the cell through autophagic vesicles. IL, interleukin; ROS, reactive oxygen species; ATP, adenosine triphosphate; NLRP3, NLR Family Pyrin Domain Containing 3; ASC, Apoptosis-associated speck-like protein containing a caspase recruitment domain; GRASP, golgi reassembly and stacking protein.](etm-13-06-2609-g00){#f1-etm-0-0-4353}

![Downregulation in NF-κB and Beclin-1 mediated by saturated hydrogen saline inhibits LPS-induced autophagy. LPS induces upregulation of NF-κB and Beclin-1 mRNA and protein, promoting the formation of Beclin-1-Vps34 complexes and autophagy. Saturated hydrogen saline reduces nuclear expression of NF-κB and cytoplasmic expression of Beclin-1, leading to a reduction in Beclin-1-Vps34 complexes. A lack of Beclin-1-Vps34-Atg14L complexes hinders autophagosome formation and a lack of Beclin-1-Vps34-UVRAG complexes hinders autophagosome maturation. NF-κB, nuclear factor-κB; LPS, lipopolysaccharide; Vps, Vacuolar protein sorting; Atg, autophagy-related protein; UVRAG, ultraviolet radiation resistance-associated gene.](etm-13-06-2609-g01){#f2-etm-0-0-4353}

![Upregulation in mTOR mediated by saturated hydrogen saline inhibits LPS-induced autophagy. High levels of ROS generation induced by LPS inhibits mTOR, leading to a decrease in the phosphorylation of Atg13 and ULK1. Unphosphorylated ULK1 exhibits kinase activity, triggering phosphorylation of FIP200 and Atg13 and activating the Atg13-FIP200-ULK1 complex. Translocation of the complex to the pre-autophagosome promotes autophagy. Saturated hydrogen saline promotes the expression of mTOR, leading to dephosphorylation of Atg13 and ULK1 and thus inhibiting autophagy. mTOR, mechanistic target of rapamycin; LPS, lipopolysaccharide; ROS, reactive oxygen species; Atg, autophagy-related protein; ULK1, unc-51 like autophagy activating kinase 1; FIP200, focal adhesion kinase-family interacting protein of 200 kDa.](etm-13-06-2609-g02){#f3-etm-0-0-4353}
